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Apoptosis in Rheumatic Diseases 



Apoptosis. or programmed cell death (PCD), is a 
form of cellular demise that occurs vs'hen cells are 
damaged or no longer needed. It plays an impor- 
tant role in embr)'0genesis, normal tissue homeostasis, as 
well as in certain pathologic conditions, such as in onco- 
genesis, acquired immunodeficiency syndrome (AIDS), 
certain neurodegenerative diseases, and in autoimmunity 
( 1 ). The term "apoptosis" was coined in 1 972 by Kerr and 
colleagues (2), and further developments in the field, par- 
ticularly in the last decade, paralleled advances in molec- 
ular biology, genetics, and biochemistry. 

GENERAL MECHANISMS OF APOPTOSIS 
AND SIGNAL TRANSDUCTION 

Although apoptosis is a complex, regulated process, the 
basic program has been highly conserved during evolu- 
tion. The genetic control of apoptosis was first established 
in the nematode Caenorhabditis dedans and found to 
comprise four relatively distinct phases: initiation, effec- 
tor, degradation, and receptor-mediated engulfment of 
apoptotic bodies by phagocytes (3). The various bio- 
chemical, molecular, and genetic factors modulating 
apoptosis in mammalian cells are much more complex 
than in the nematode. 

Ultimately, the fate of the cell depends on the balance 
between pro-apoptotic and anti-apoptotic stimuli. The 
gene products of current interest involved in regulating 
PCD belong to two broad categories: proto-oncogenes, 
the most important ones belonging to the Bcl-2 family, 
some of which are anchored to mitochondria, and tu- 
mor-suppressor genes, such as p53. 

Aside fi-om these genetic influences, the cell is also sub- 
lected to many other apoptosis modifiers, such as various 
cytokines (eg, IL-4, IL-2, IL-10), as well as circulating or 
membrane-bound molecules capable of triggering spe- 
cific ligand-receptor interactions. The prototypical death 
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receptors are Fas (CD95; APO- 1 ) and tumor necrosis fac- 
tor receptor I and II (TNF-RI and TNF-RII), and their 
corresponding ligands are FasL and TNF-O!, respectively 
(4) (Figure i). 



Signaling by Fas 

Fas is expressed on many different celt tv'pes, whereas 
FasL is mainly expressed on activated Thl T cells. FasL 
induces trimerization of the receptor and clustering of its 
intracellular death domain (4). This leads to recruitment 
of the c)aoplasmic protein Fas-as.sociated death domain 
f FADD), which subsequently triggers the proteolytic cas- 
cade of caspases that ultimately lends to cell death. Each 
step is regulated. 

The major role of the Fas pathway of PCD is the termi- 
nation of immune responses by causing peripheral dele- 
tion of activated mature T and B lymphocytes. However, 
it is also involved in preventing inflammation in "im- 
mune-privileged" sites, such as the eye and testis, where 
FasL is constitutively expressed. Another important func- 
tion of this pathway is the killing of virus-infected or 
transformed cells (5). Mutations in Fas or FasL are asso- 
ciated with peripheral lymphoid expansion and autoim- 
mune disease (6-8). 

Signaling by TNF-RI 

TNF-a is a soluble cytokine produced by activated T lym- 
phocytes and macrophages in response to inflammation 
and infection. After binding to the TNF-RI, receptor clus- 
tering occurs, with recruitment of the adaptor protein 
TNF receptor-associated death domain (TRADD). In 
most cells, TNF-R engagement leads to activation of the 
transcription factors NF-kB and AP-1, leading to cell ac- 
tivation and proliferation. However, apoptosis can occur 
depending on the cell type, the receptor (TNF-RI or TNF- 
RII) engaged, and on the interplay of other regulators. 
Although Fas and TNF receptors are the best character- 
ized, a number of other death receptors have recently 
been identified, such as death receptor 3 (DR3; also called 
APO-3/TRAMP/WSL- 1/LARD), death receptor 4 (DR4), 
and 5 (DR5; also called APO-2/TRAIL-R2/TRICK 
2/KILLER). The roles of these new death pathways in im- 
mune regulation and in human diseases remain to be 
determined (9). 

Li gand- death receptor interactions lead to triggering of 
an intracellular proteolytic cascade invohdng "caspases" 
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Figure 1. CeU death pathways. Inducers and early signal transduction pathways of the major known apoptotic pathways. Interaction of the 
ligand with its receptor causes receptor clustering and recruitment of the adaptor molecules. These, in turn, facilitate cnz>'matic actmt>' of 
the caspases. Note that tumor necrosis factor a (TNF-a) may induce a death signal through a TNF receptor I (TNF-RI)-associated death 
domain (TRADD) or stimulate ceU activation through the nuclear factor kB (NF-kB) pathway. Growth factor withdrawal or stress leads to 
the release of cytochrome c from the mitochondria. Cytochrome c. apoptotic protease activating factor- 1 (APAF-I), and ATP activate 
pro-caspase-9,leadingtotheactivationofdownstreamefFectorcaspases(seetext).TheBd-2fami]yofproteinsparticipateinthisregul 

DD = death domain; DED = death effector domain; FADD = Fas-associated death domain; FasL = Fas ligand; FLICE - FADD-like 
interleukin-l^-converting enzyme; LT = lymphotoxin; PT pore = permeability transition pore; TRAF2 = TNFR2-associated factor 2. 



(q'steine aspartate proteases). In the case of most death re- 
ceptors, caspases 8 or 10 are activated. Cell death may also be 
initiated by an "intrinsic pathway," for example, after 
growth factor withdrawal. In this case, release of cytochrome 
c from mitochondria together with such co factors as Apaf- 1 
(apoptotic protease activating factor- 1) and ATP lead to 
caspase 9 activation {Figure 1). Similarly to the clotting and 
complement cascades, the caspase cascade proceeds in an 
autocatalytic manner, leading to amplification of the initial 
apoptotic signal. The cascade is regulated at the posttransla- 
tional level, by protein-protein interactions (10). Another 
group of proteases involved in PCD is the family of serine 
proteases, the most important member being Granzyme B. 
The Granzyme B-perforin pathway is a critical component 
of granule exocytosis and the main apoptotic mechanism 
involved in target-cell PCD induced by cytotoxic T cells and 
natural killer cells (U). 



ROLE OF APOPTOSIS IN RHEUMATIC 
DISEASES 

Apoptosis in Autoimmune Diseases 

The fundamental function of the immune system is to 

protect the individual from infectious organisms (non- 



selO- Lymphocytes play a key role in this process and are 
equipped with unique receptors to monitor the antigens 
to which the host is exposed. To be able to recognize the 
universe of foreign antigens, T and B lymphoc)te antigen 
receptors are randomly generated. The consequence of 
this strategy is that lymphocytes with reactivity against 
self antigens are also produced and, to allow the host to 
survive, must be eliminated or held in check. 

The concept of immunologic tolerance was evoked to 
explain the failure of cells of the immune system to react 
against self antigens. Although tolerance is usually de- 
scribed in terms of the self-nonself dichotomy, lympho- 
cytes cannot distinguish self from nonself. Rather, the 
immune system has evolved numerous strategies to en- 
sure that an immune response against self antigens does 
not occur. Some of these strategies occur in the central 
lymphoid organs [eg, deletion of high-affinity (self) reac- 
tive lymphocytes in the thymus (T cells) and bone mar- 
row (B cells)], whereas others are achieved in the periph- 
eral immune system (spleen, lymph nodes, and lymphoid 
tissue of the mucosa). 

The Fas/FasL pathway of PCD plays an important role 
in peripheral tolerance, by halting the unwanted expan- 
sion of activated T- and B-cell clones beyond the course 
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Figure 2. Schematic representation of the role of defective apoptosis in the physiopathology of several rheumatic diseases. (A) 
Insufficient apoptosis (:(" ) of T or B lymphocytes and possibly of other antigen-presenting cells (APC), such as macrophages or 
dendritic cells, after the binding of the death ligand (T) to its receptor (M), leading lo lymphoaccumulation and i) enhanced B-cell 
accumulation with antibody production, as seen in systemic lupus erythematosus (SLEHike diseases, such as the Canale-Smith 
Syndrome (CSS), ii) Abnormal lymphocytic infiltration of salivary glands in Sjogren's Syndrome (SS) with resulting glandular 
enlargement. (B) Insufficient apoptosis (f ) of fibroblast-like synoviocytes (FLS), or perhaps an increased anti-apoptotic signal i 7) 
from T cells, in the pathophysiology of rheumatoid arthritis (RA). The net result is persistence and increased proliferation of FLS, 
pannus formation, and joint destruction. (C) E.vcessive apoptosis (i(^J of tissue cells by adjacent activated T cells, with subsequent 
acinar cell destruction in SS salivary glands. (D) Excessive apoptosis of bone cells, a possible contribution to the pathogenesis of 
osteoporosis (OP), i) Glucocorticoids (GC) enhance apoptosis of osteoblasts (Obi) and osteocytes (Ocy), the cells responsible for 
bone formation, thereby inducing OP. ii) Estrogen (H) can directly cause programmed cell death in osteoclasts (Ocl), the major 
bone-resorbing cells, thereby protecting against OP. Estrogen withdrawal or deficiency may therefore contribute to bone loss by 
decreased Ocl demise (see text). 




of an infection, and by eliminating clones reacting with 
self-antigen (4). Some systemic autoimmune disorders 
■re a consequence of defective apoptosis of activated lym- 
phocytes (Figure 2A). This was first discovered in mice 
that have mutations of Fas [Ipr] or FasL [gld] and develop 
a lupus-like autoimmune disease with autoantibodies, 
glomerulonephritis, and a generalized lymphadenopa- 
thy. A similar disease, but with less severe features of auto- 
immunity, has been described in humans with Fas muta- 
tions {Canale-Smith Syndrome (8), autoimmune lympho- 
proliferative syndrome (7), human l)Tnphoproliferative 
' ndrome (6)]. Defects in other genes involved in the 
regulation of apoptosis have been shown to produce lu- 
pus-like syndromes in mice. Examples include Bcl-2 



overexpression (12), defective expression of IL-2 or the a 
and jS chains of its receptor (13), and defective B-cell 
antigen receptor signal transduction ( 14). 

Systemic lupus erythematosus. Systemic lupus ery- 
thematosus (SLE) is a systemic autoimmune disease 
characterized by multiple organ involvement and the 
presence of a wide variety of serum autoantibodies (15). 
At present, it is unclear whether defects in apoptosis path- 
ways contribute to either defective tolerance or antigen 
selection in this disorder. In contrast to the mice with 
lupus and lymphoprohferation, most patients with SLE 
do not have reduced Fas expression or function (16,17). 
However, the fact that rare cases of SLE are associated 
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Figure 3. Apoptosis as a source of immunogens. During early programmed cell death, there is externahzatmn of phosphatidylserine 
d) and redistribution of various nuclear antigens (.'.), such as Ro, La, and nucleosomal DNA. to the surface of the cell withm 
apoptotic bodies. Increased apoptosis or abnormal processing may directly trigger B cells to initiate an autoimmune response (see 
text). 



with either Fas (18) or FasL mutations (19) suggests that 
defective function of a related death effector could play a 
role in the pathogenesis of SLE, Levels of soluble Fas re- 
ceptor (sFas), a secreted form of Fas that is able to inhibit 
FasL binding in vitro, is present in the plasma of many 
patients with SLE. However, this finding is not specific to 
SLE, and the precise role of sFas in disease pathogenesis 
has yet to be clarified (20,21). 

Other regulators of PCD may be abnormal in human 
lupus. Although increased Bd-2 expression leads to lu- 
pus-like disease in mice, data concerning human SLE are 
controversial. A recent genetic study reported a synergis- 
tic effect in disease susceptibility between Bel- 2 and IL- 10 
alleles in Mexican-American patients with SLE (22). 

Defective apoptosis may contribute to SLE-like dis- 
eases in another way. Ultraviolet exposure of keratino- 
cytes causes a redistribution of many nuclear antigens 
(eg, Ro, La, and nucleosomal DNA) to near the surface of 
the cell in apoptotic bodies (23,24). Furthermore, apo- 
ptosis is associated with the externalization of phospha- 
tidylserine, which may be important in the generation of 
antiphosphoHpid antibodies (25). Because lymphocytes 
from lupus patients have an activated phenotype and un- 
dergo accelerated PCD compared with normal individu- 
als in vitro, it has been suggested that apoptotic bodies 
contain modified self- antigens that could be immuno- 
genic (Figure 3). To test experimentally whether apopto- 
tic cells could induce an autoimmune response, Mevo- 
rach et al (26) immunized mice with large amounts of 
apoptotic cells. They observed that these cells induce a 
transient immune response (antiphosphoHpid and anti- 
ss-DNA autoantibodies). These experimental data sup- 
port the indirect evidence that autoantibodies in SLE tar- 
get the products of apoptotic cells, but further research is 
needed. 

Rheumatoid arthritis. Rheumatoid arthritis (RA) is a 
systemic autoimmune disease associated with high mor- 
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bidity and increased mortality. The hallmark of RA is 
synovial inflammation and proliferation, ultimately lead- 
ing to joint destruction. At the cellular level, there is con- 
siderable hyperplasia of synoviocytes, mainly the "fibro- 
blast-like synoviocytes" (FSL) cells, located in the deeper 
layer of the synovium, which acquire invasive potential 
(27). With the ingress of various inflammatory cells into 
the sublining area, the final result is synovial thickening, 
with pannus formation and bony erosions. A number of 
pro-inflammatory cytokines are expressed in the in- 
flamed synovium, lL-1, lL-6, and TNF-a. 

Regulation of apoptosis of several cell types is highly 
relevant to the pathogenesis of RA. Fas and FasL are con- 
stitutively expressed in the RA synovium. Both are de- 
tected on FLS and mononuclear cells, but the death-in- 
ducing FasL is mainly expressed on CD4-i- (helper) and 
CD8+ (cytotoxic) lymphocytes invading the synovium. 
FLS of RA are sensitive to anti-Fas antibody, in contrast to 
osteoarthritis (OA) synoviocytes expressing similar levels 
of Fas (28). Thus, PCD-mediated elimination of Fas+ 
synoviocytes and mononuclear cells should theoretically 
occur by the FasL-expressing lymphocytes (Figure 2B). 
However, only a small proportion of these cells (less than 
1%) actually undergo spontaneous apoptosis (29). Such a 
low apoptotic rate in the Fas + cells of the rheumatoid 
synovium may be explained by a relative deficiency of 
FasL (30), the presence of high amounts of soluble FasL in 
the synovial fluid, competing with its membrane-bound 
counterpart and thereby blocking Fas-mediated apopto- 
sis (FMA) (31), or maybe an artefact related to very rapid 
uptake of apoptotic cells by adjacent macrophages (3,32). 

Recent evidence from studies on murine m.odels of in- 
flammatory arthritis indicates that enhancing FMA may 
have therapeutic applications. The intra-articular admin- 
. istration of anti-Fas monoclonal antibody to transgenic 
mice resulted in marked and rapid clinical improvement 
of joint inflammation, with significant increase of apo- 
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ptosis of synovial fibroblasts and mononuclear cells (33). 
Similarly, the intraperitoneal injection of anti-Fas into 
mice with severe combined immune deficiency (SCID; 
lacking mature T and B lymphoc>^es) with engrafted hu- 
man RA synovial tissue was equally beneficial, although 
more toxic (34,35). Intra-articular FasL gene transfer in- 
creased the rate of apoptosis in synovial fibroblasts by 
cell-to-cell interaction via the Fas/FasL (36,37). 

The high proliferative rate of the synovium and its abil- 
ity to invade and destroy cartilage and bone have led sev- 
eral authors to compare it with tumors (27). This "trans- 
formed" phenotype may be explained by the altered ex- 
pression or function of anti-apoptotic genes, oncogenes, 
or tumor suppressors. Among the anti-apoptotic genes, 
Bcl-xL, survivin (38), and Bcl-2 were reported to be over- 
expressed in RA FLS and T cells (39,40), possibly contrib- 
uting to synovial hyperplasia. Defects in B-cell apoptosis 
in RA have also been proposed to explain the local and 
especially the systemic autoimmunit)^ obser\Td (41). So- 
matic mutations in the p53 gene have also been reported 
in RA synoviocytes and mononuclear cells, but not in RA 
skin, nor in normal controls or OA synovium (42). These 
mutations occur in "hotspots," the same regions of the 
gene mutated in human neoplasias, suggesting that they 
may have functional importance. The majority of p53 
mutations seen in RA synovium are characteristic of ox- 
idative deamination by nitric oxide (NO), suggesting that 
the NO generation in rheumatoid joints resulting from 
chronic inflammation may contribute to these somatic 
genetic modifications (43). Furthermore, NO has been 
recently implicated in playing a role in the prevention of 
Fas-mediated apoptosis, by its ability to S-nitrosyiate and 
thus prevent activation ofcaspases (44). Other genes may 
also be altered in RA, such as H-ras (45). 

Sjogren's syndrome, Sjogren's syndrome is an autoim- 
mune disease characterized by destruction of the salivary 
and lacrimal glands associated with a mononuclear cell 
mfiltration and, m some cases, with lymphoproliferation. 
The disease may occur in an isolated form (primary) or be 
associated with other connective tissue diseases, such as 
RA or SLE (secondary). The destruction of the exocrine 
glands are, in part, mediated by apoptosis of the acinar 
and ductal epithelial cells where caspase activation has 
Seen demonstrated in the acinar-epithelial cells (46) (Fig- 
ure 2C). Salivary glands constitutively express Fas but not 
FasL on acinar epithelium. It has been suggested that 
gland destruction results from cytokine-induced expres- 
sion of FasL and/or overexpression of Bax in salivary aci- 
nar cells (47). Expression of Fas in normal glands has, 
ho'>vever, not been consistently observed. No mutations 
in Fas or FasL have been found in these patients to date 
'48-50). 

Lymphoc)tic infiltrates in this disease are, most likely, 
caused by enhanced attraction by pro-inflammatory che- 



mokines and cytokines and by deficient PCD (Figure 2A). 
Bcl-2 expression has been shown to be increased in the 
mononuclear cells infiltrating the salivary glands of pa- 
tients with primary Sjogren's syndrome and this corre- 
lated with resistance to PCD in vitro (47). These findings 
could explain l)Tnphoproliferation and the potential for 
B-cell "pseudolymphomas" that develop in a proportion 
of patients with long-standing disease. 

Several mouse models of Sjogren's syndrome exist. 
These include lupus-prone strains, NZB and MRl/Ipr, 
and a diabetes-prone strain, the nonobese diabetic 
(NOD) mouse (51). NOD mice constitutively express 
FasL in their exocrine glands, and Fas was detected on 
their salivary epithelium, suggesting a role for FMA in the 
observed glandular destruction. Lymphocytes of NOD 
mice are resistant to various apoptosis-inducing signals, 
possibly explained by enhanced expression of the anti- 
apoptotic molecule Bcl-xL in CD4-r T cells (52). Intrigu- 
ingly, NOD-sciV/ mice (lacking mature, functional T and 
B lymphocytes) develop apoptosis of submandibular aci- 
nar cells, suggesting that apoptosis of acinar epithelial 
cells may reflect an intrinsic defect within the glands and 
that lymphocytic infiltration is a secondary phenomenon 
(46,53). Deficient expression of certain lymphocyte co- 
stimulatory molecules may also contribute to the ob- 
served apoptotic resistance of invading immune cells 
(54). 

Systemic sclerosis. Systejiiic sclerosis is a disease charac- 
terized by progressive fibrosis of the skin and also internal 
organs, such as the lung, kidney, gastrointestinal tract, 
and heart. Although the late fibrotic stage of the disease is 
associated with the accumulation of collagenous and 
noncollagenous extracellular matrix, the early lesions ex- 
hibit prominent perivascular and tissue infiltration by 
mononuclear inflammatory cells. The exact cause of this 
disease remains obscure, but the possibility of apoptosis 
as an initiating and/or perpetuating event has been sug- 
gested by several authors. Studies of early lesions suggest 
that apoptosis of endothelial cells, possibly as a result of 
C)totoxic anti-endothelial cell antibodies, may occur be- 
fore the infiltration of lymphocytes (55,56). The finding 
that Bcl-2 is upregulated in cultured dermal fibroblasts 
from patients with systemic sclerosis (57) could be rele- 
vant to the progressive fibrosis that occurs later in this 
disease if these cells can be shown to be resistant to apo- 
ptosis. 

Myopathies. Inflammatory myopathies, such as poly- 
myositis and dermatomyositis, are autoimmune diseases 
that result in destruction of skeletal muscle fibers. Al- 
though Fas is upregulated on the myocytes in these dis- 
eases, expression is also increased in nonautoimmune 
muscle disorders, such as in metabolic myopathies, de- 
nervating disorders, and muscular dystrophies, but not in 
normal human muscle tissue. Detection of FasL on 
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mononuclear cells invading the muscles in patients with 
polymyositis and dermatomyositis with apoptosis of 
muscle cells is of greater pathogenetic relevance and im- 
plicates Fas/FasL in tissue injury in myositis {58). How- 
ever, because high expression of the T-cell cytotoxic me- 
diator, perforin, was also found in some patients with 
polymyositis and dermamyositis (59), other mechanisms 
of myocyte injury may also be involved. 

Antiphospholipid syndrome. AntiphosphoHpid anti- 
bodies occur in approximately a third of SLE patients and 
are associated with arterial and venous thrombosis, 
thrombocytopenia, and first-trimester abortion. A subset 
of these antibodies bind to either a complex formed be- 
tween anionic phospholipids and the plasma protein be- 
ta2-glycoprotein I {beta2GPI), or against beta2GPI alone. 
During PCD, phosphatidylserine is flipped from the in- 
ner to outer surface of the cell membrane, rendering it 
potentially accessible to the immune system (25). This 
early apoptotic event may lead to the generation of an 
autoimmune response (Figure 3). In a recent study, the 
injection of mice with beta2GPI and apoptotic cells in- 
duced antibodies harboring antiphospholipid antibodies 
and lupus anticoagulant activities (60). Binding of 
beta2GPI to apoptotic cells may facilitate their clearance 
by phagocytes (61-63). In addition to their putative role 
as immunogens, certain antiphospholipid antibodies 
may induce PCD in endothelial ceils (64), thereby ren- 
dering the vascular endothelium procoagulant (65). 

Apoptosis in Other Rheumatic Diseases 
Osteoarthritis, The main mechanism underiying either 
primary or secondary OA is the degradation of cartilage. 
Such degradation is mediated by enzymatic and NO-in- 
duced breakdown of the extracellular matrix with insuf- 
ficient new matrix synthesis. Apoptosis of chondrocytes 
occurs during normal skeletal development, and several 
groups have reported that it could also be important in 
experimental and in human OA. Normal human chon- 
drocytes of the superficial and middle zones of cartilage, 
the major areas involved in early cartilage degeneration, 
express Fas and are somewhat sensitive to Fas-mediated 
killing (66). Human OA chondrocytes have also been 
shown to express Fas but have enhanced spontaneous 
apoptosis in the corresponding zones compared with 
normal controls (67,68). These OA chondrocytes were 
also shown to be sensitive to anti-Fas antibody. Although 
NO is also capable of inducing PCD in chondrocytes, it 
does not seem to interact with the Fas pathway (66). In- 
terestingly, a recent study showed that transgenic mice 
lacking type II collagen, the main constituent of the ex- 
tracellular matrix in cartilage, had high levels of apoptosis 
in their chondrocytes (69). Although further research is 
necessary, these findings suggest that PCD may play a role 
in OA and that inhibitors of NO synthesis may be of value 
in treating this disease. The therapeutic use of intra-artic- 



ular anti-Fas antibody, although possibly useful to de- 
crease RA synovial inflammation, may potentially be del- 
eterious to chondrocytes. 

Osteoporosis, Osteoporosis (OP) is a common disorder 
resulting from either increased bone resorption, de- 
creased bone synthesis, or a combination of both. An in- 
creased rate in apoptosis of osteoblasts and osteocytes, 
the major bone-forming cells, has been reported in glu- 
cocorticoid-induced OP (70) (Figure 2D). Estrogen may 
exert its beneficial effect in preventing OP by its ability to 
directly induce apoptosis in the bone-resorbing oste- 
oclasts (71) (Figure 2D), in a caspase-dependent fashion 

(72) . 

In addition to numerous other modulating factors in- 
fluencing bone-turnover cell survival, such as cytokines 

(73) , a novel protein, osteoprotegerin/osteoclastogen- 
esis-inhibitory factor, has recently been shown to inhibit 
osteoclasts after binding to its cognate ligand (osteopro- 
tegerin ligand/TRANCE) (74). As with other members of 
this TNF-R family, osteoprotegerin also has immuno- 
modulatory properties, such as promotion of dendritic 
cell survival (74,75). 

Seronegative spondyloarthropathies. Psoriasis and pso- 
riatic arthritis are conditions that are associated with ex- 
cessive cellular proliferation of the epitheUum and of the 
synovium, respectively, possibly resulting from defective 
apoptotic pathways in these tissues. Keratinocytes, syno- 
vial cells, and dermal and synovium-derived fibroblast 
cell lines from patients with psoriatic arthritis overex- 
press p53 compared with normal and OA control speci- 
mens (76). As in RA, it remains to be determined whether 
p53 plays a direct role in the pathogenesis of disease. 



APOPTOSIS REGULATION BY ANTI- 
INFLAMMATORY AND ANTIRHEUMATIC 
DRUGS 

Therapy of rheumatic disorders is, at present, empiric. 
The types of drugs used include anti-inflammatory 
agents such as corticosteroids and nonsteroidals, immu- 
nomodulatory drugs such as cyclosporine, and cytotoxic 
drugs such as cyclophosphamide and azathioprine. Be- 
cause most of these drugs impinge on critical biochemical 
events within the cell, they have important effects on ap- 
optosis pathways. 

Aspirin and Nonsteroidal Anti-inflammatory 
Drugs 

Aspirin (acetylsalicylic acid [ASA]) and nonsteroidal 
anti-inflammatory drugs (NSAIDs) are among the most 
frequently consumed medications in the United States. 
The major mechanism of action of aspirin and NSAIDs is 
inhibition of cycloox>'genases (COXs), which in turn re- 
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duce the production of pro-inflamnnatory cytokines and 
prostaglandins (77). These drugs have also been shown to 
be effective in the chemoprevention of colorectal tumors 
in genetically susceptible individuals (78) and in rodents. 
A potential mechanism of their antineoplastic properties 
is their ability to induce apoptosis, probably via a COX- 
independent pathway (79,80). It has been suggested that 
NSAIDs' inhibition of COX activity and resulting in- 
crease of the prostaglandin precursor, arachidonic acid, 
promotes the conversion of sphingomyelin to ceramide, 
a potent pro-apoptotic lipid (79). 

Glucocorticoids 

Glucocorticoids (GCs) were liberally used for the treat- 
ment of autoimmune inflammatory disorders because of 
their potent anti- inflammatory and immunosuppressive 
action. GC have a wide range of biochemical effects in- 
cluding modulation of gene expression, induction of im- 
mune ceil apoptosis (T and B cells, neutrophils), and reg- 
ulation of various transcription factors, such as the im- 
pairment of NF-kB activation. They influence the 
expression of regulatory proteins, such as those involved 
in cell cycle control, c-myc, Bcl-2, p53, and certain cyto- 
kines (IL-2 and its receptor chain a, IL-6) (81). 

Patients on long-term GC therapy are susceptible 
to OP and osteonecrosis, which may be explained by bone 
loss resulting from apoptosis of osteoblasts and osteo- 
cytes (70) (Figure 2D). GCs downregulate death-pro- 
moting proteases, such as the caspases (82), and Gran- 
zyme B (83), but act independently of the JNK/SAPK and 
Fas pathways. In in vitro studies, GC-suppressed apopto- 
sis of Fas-expressing osteoblasts by soluble or membrane- 
bound FasL derived from activated human PBMCs (84), 
which couid in part explain the recent observation that 
low-dose GC administration may exert a protective effect 
against bone erosions and periarticular osteopenia in in- 
flammatory arthrttides, such as RA. 

Methotrexate 

Methotrexate is a folic-acid antagonist that inhibits DNA 
synthesis at high doses and can cause apoptosis of cancer 
cells in vitro. However, whether such PCD is Fas depen- 
dent remains controversial. In rheumatic diseases, much 
:')wer doses are used such that minimal toxicity is ob- 
served. One mode of action of low-dose methotrexate is 
increased adenosine release at sites of inflammation, 
which suppresses neutrophil-mediated tissue injury by 
means of adenosine A2 receptors (85). In addition, sev- 
eral recent studies have reported that low-dose metho- 
trexate induces apoptosis of activated lymphocytes in 
■'Uro and in patients with RA, probably in a Fas-indepen- 
-•nt manner (86,87). Methotrexate may also exert its 
beneficial effect on psoriatic skin disease by induction of 
PCD of keratinocytes (88). 



TNF Blockade 

TNF, the ligand for TNF-RI and TNF-RII, is a pro-inflam- 
matory cytolone that has pleiomorphic effects depending on 
the cell type and environment. TNF-q plays an important 
and complex role in RA pathogenesis, by inducing prolifer- 
ation of synoviocytes and angiogenesis. The administration 
of TNF-blocking agents, such as anti-TNF-a monoclonal 
antibodies (89) or soluble human recombinant TNF recep- 
tors (90,91), results in significant improvement of disease 
activity as a result, in part, of blockade of the pro-inflamma- 
tory effects of this cytokine and, possibly, as a result of in- 
creasing susceptibility to Fas (92). 

Cyclosporine/FK506 

FK506 (Tacrolimus) is a macrolide antibiotic with im- 
munosuppressive properties, closely related to cyclospor- 
ine A (CsA). These two agents have been extensively used 
in the prevention of allograft rejection in transplant re- 
cipients and more recently have gained use in the treat- 
ment of RA. Both drugs modulate T- and B-cell immune 
responses by interfering with IL-2 gene transcription, NO 
synthase activation, cell degranulation, and apoptosis 
(93). Their immunosuppressive potential is achieved, in 
part, by increased apoptosis of autoreactive T and B lym- 
phocytes, and may similarly affect PCD of cells involved 
in synovial inflammation (94). CsA nephrotoxicity may 
also be explained by increased apoptotic ceil death of re- 
nal proximal tubules, possibly by means of the Fas/FasL 
pathway (95,96). 

Paradoxically, CsA and FK 506 are also noted to have 
anli-apoptotic properties, possibly by effecting down- 
regulation of FasL expression on c>totoxic T lympho- 
cytes. This may account for their capacity to inhibit 
the cytotoxic T lymphocyte-mediated killing of organ 
allografts (97-99). Apart from their therapeutic useful- 
ness in immune modulation, they have also been shown 
to inhibit apoptosis of neuronal and endothelial cells, and 
may therefore prove to be useful in halting the progres- 
sion of certain neurodegenerative and vascular diseases 
(100,101). 

Cyclop h ospham ide 

Cyclophosphamide is an alkylating agent commonly used to 
treat many human cancers and severe autoimmune disease. 
Its efficacy has partly been attributed to PCD-induced de- 
struction of tumor cells and perhaps mesangial cells in glo- 
merulonephritis (102). Induction of apoptosis may also ac- 
count for certain adverse effects, such as oligo- or azoosper- 
mia (103), pancreatic j3-ceU destruction (104), and 
teratogenesis (105,106). Apoptosis is mostly effected 
through the p53-dependent pathway. 

Bisphosphonates 

Bisphosphonates are the most potent antiresorptive 
drugs available and are widely used to treat various met- 
abolic bone diseases, such as Paget's disease, bone tu- 
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mors, ectopic calcifications, and OP. Although each 
member of this family has its own physicochemical and 
biologic properties and potencies, the following mecha- 
nisms of action have been reported: direct suppression of 
osteoclast activity, direct and indirect inhibition of osteo- 
clast recruitment, and osteoclast apoptosis (107,108). 
The molecular pathways leading to PCD are still unclear 
but are possibly mediated by caspase activation ( 1 09) and 
by the modulation of certain GTP-binding proteins, such 
as Ras (110). Moreover, it has been suggested that 
bisphosphonates may have anti-inflammatory potential 
by their abihty to cause apoptosis in macrophages (cells 
ontogenetically related to osteoclasts) in certain rat mod- 
els (111). 



CONCLUSIONS 

This review summarizes the current knowledge about the 
role of apoptosis in the pathophysiology underlying sev- 
eral important rheumatologic conditions, and its role in 
the modulation of disease activity by some of the major 
therapeutic agents used to treat them. The intense ongo- 
ing research in this field will better define the different 
pathways and molecules that influence the pathogenesis 
of these diseases. This information will also aid in the 
design of specific therapeutic strategies, ultimately lead- 
ing to more efficient disease control with minimal toxic- 
ity to the patient. 
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